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miE: FUELCELLS EMPLOYING IfTTEQRATED FLUID MANAQEMENTPLATELETTECHNOLOGY 

DESCRIPTION 

TECHNICAL RELO: 

This invention relates to fuel cells, and more particutarty to fuel cells constmcted of stacked platelets 
having integrated fluid management technology (IFM7). and to methods of manufacture and operation of 
the IFM cells. A particular embodiment employing the principles of thisinvention is a hydrogen-air/Oj fuel 
cell employing multiple separators formed of bonded platelets of titanium, niobium, copper, stainless steel, 
aluminum or plastic having individually configured micro-channel reactant gas, coolant arxj humidiftcation 
zones therein, which ceils operate in the range of about 50 to 1 SCTC, and have an output of on the order 
of .25-1 .0 kW per Kg and .5-1 .0 kW/L for use In both stationary and mobile power generatk}n applk^ations 
in open or ctosed loop configurations. The IFM platelet and separator design can be adjusted throughout 
the fuel cell stack to accommodate varying thermal management and humidiftcation requirements within 
each cell. 

BACKGROUND ART: 

Fuel cells for direct conversion of hydrogen or carbonaceous fuels to electricity have shown great 
theoretical promise, but have not become widely used in commerce because of technical problems and 
economic reasons, in the field of hydrogen-air/Oj fuel cells, power density, that is kitowatts of power 
generation per pound has been marginal, and the lifetime has been unsatisfactorily short Prior art cells 
have experienced dropoff In power with age due in part to poisoning of catalysts or electrolyte 
membranes, and the poor distribution of fuel gases intennally has led to themial hot spots leading to cell 
failure and the like. 

A particulariy important class of fuel celts with promise for statk)nary and mobile electricity 
generation is the low temperature Hj/Qj fuel cell emptoying soiW polymeric proton exchange membrane 
having a noble metal catalyst coated on both skJes thereof, whteh membrane is k)cated between the fuel 
cell electrodes or electrically conductive separators. These fuel cells employ as fuel, whether directly 
supplied as such or generated in associatton with the cell by chemical .reaction, such as electrolysis or 
from metal hydrides. The oxWant is or air. and water is required both for cooling and for humidificatkx) 
of the membrsrie to keep it from drying out and becoming ineffteient or structurally weakened through 
cracking. Typically, the vKXje skje dries out first for a variety of reasons. Including electrosmotk: pumping 
from anode to cathode, the supply ofgasesinaxcessof the electrochemical reaction rate, and the air or 
oxygen flow on the cathode skje purges both the product water and the water vapor passing through the 
membrane from the hydrogen anode s We, Accordingly, the fuel gases are humidified in the fuel ceil stack 
to reduce the dehydratton effect The cooling water removes excess heal generated in the stow 
combustton of the catalyst-mediated electrochemfcal reactton m the cells, and is conducted external of 
the stack tor heat exch»)ga In some designs the cooling water is used to humidify the reactant gases. 

There are several suitable electrode membrane assemblies (EMAs) available for such k3w 
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temperature fuel ceils. One is from H Power Corp of Beliviile. New Jersey which employs a Pt catalyst 
coated on a polymw film, such as duPont NAFION* brand perfloutosulfonaled hydrocarton as the 
membrane. Alternatively. Dow Chemical provides a perflourosulfonated polymer which has been reported 
in US PMmt 5.316.869 as permitting current densities on the order of 4000 amps/s.f. with cell voltages 
5 in excess of .5V/cell. for a cell stack power density in excess of 2 kw/s.f. 

A typical design of currently available stacks is the Ballard Fuel Cell Stack of 35 active 
electrochemical cells. 19 thermal management cells, and 14 reactant humWification cells employing a Pt 
on NAFION 1 17 EMA in stacks of 1/4" thick graphite plates. The stack is reported to have an overall 
volume of 0.5 cu. fL with a weight of 94 lbs and a 3 kw output from Hj and Oj. 
1 0 However, the graphite plates must be relatively thick to provide structural integrity and prevent 

reactant crossover since they are brittle and prone to crack as the cell stacks must be placed under 
compresskjn to effect intra and inter-cell sealing to prevent reactant leakage. They have low thermal and 
electrical conductivity which gives rise to hot spots and dead spots. They are also difficult to manufacture, 
especially the gas distribution channels. The output is relatively low. on the order of .05 kw/ib. in the 
15 example cited above, the number of inactive cooling and humidification almost equals the number of 
active electrochemical cells. This effectively doubles the number of gasketed seals required in a stack 
thereby decreasing stack reliability and performance. 

■me aforementtoned US Patent 5.316.869 does not offer a solution to graphite plate cell stack 
design as it is concerned with microprocessor control of a ctosed loop system external to the stack. 

Accordingly, there is a need for an improved fuel cell design, and methods of producing the fuel 
cells and operatton thereof whfch overcome limiting problems of the prior art 
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DISCLOSURE OF INVENTION: 

OBJECTS AND ADVANTAGES: 

It is among the objects of this inventton to provide improved fuel cell design, and methods of 
constnjctton and operation, partfcularty fuel cells of the hydrogen and oxygen or air type whtoh show 3X 
or better improvement over currently available graphite cells. 
Aditlonal objects and advantages include: 

To piovWe improved fuel cell constniction techniques based on multiple platelet and stack 
technology, which platelets have specially configured gas and water distributton microchannels created 

by elchkig, laser ablatton or cutting, stamping, punching or embossing; 

Toprovidean integrated processfbrmanufactureoffuelcells Involving photoW^ 

of individual platelets, followed by feature fomihg by etching, embossing, stamping, punching, bonding 
brazing or soldering stacked platelets under heat and pressure, and antHjxidant coating the platelets 
35 »Kl/or sub-assembly polar separators; 

TO provide mtegated fluid management technotogy (IFMT) to fuel cell stack design, particularty to 
the design of platelets assembled into unipolaror bipolar separators fndlvkl^ 
stacks, to improve fuel and oxidant gas humidiffcatton and distribution for contact with the membranes. 
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9X1 for heat and humidity control to prevent hot spots and memdrane degradation due to dehydration: 
ToprovidephotolithographiMlV and etch-foftnedplatelets for fuel ce« separate 

special sealing ridges which peimit sealing of EMAs between polar separators to fonn cells which are 

secured under compression to form fuel cell stacks; 

To provide variable IFM platelet polar separator design withina fuel cell stack that accommodates 

thedifferingthermalerivironmentandhumidifcationrequirementsthatareht^^^ 

and 

StiU other Objects will be evident from the specification, drawings and claims of the invention. 

The invention is directed to improved fuel cell stacks constmcted from a plurality of cells, each 
comprising a series of interrelated, integrated fluid management (IFM) platelets. The inventton also 
Eludes methods for design, construction, featuring. assembV and bonding of the platelets into modular 
polar separators (substack cell assemblies), and methods of operation of fuel cell stacks employing the 
iritegrated fluid management technology p^telets. While particularty disctosed as applfcable to proton 
exchange membrane (PEM) fuel cells emptoying and O^/air as fuel, the techniques of this mventkxi are 
equally applicable to alkaline, solid oxide and molten carbonate type fuel cells, and to refomiers used .n 
conjunc^on with fuel cells. Awidevariety of other fueVoxWteer combinations may be emptoye^^ 

Hj/Cli: NHj/Oj; Hj«2 (X is a hakjgen): CHjOH/O,, and the like. 

The fuel cells of this inventton are constnjcted of one or more cells, each ceil of which In turn 
comprises a pair of bi-po* separators sandwiching an electrode membrane assembly (EMA) 
therebetween. Tl« separators may beeit^runlpoiarlforthetemiinal end plates) or b^ 
bemg the anode (H J skle and the other the cathode W sWe. in tum. each polar separator assembV of 
this inventton comprises a plurality of thh plates, preferably of metal, plastta. ceramte or other surtabte 
material into whtah numerous intricate microgroove fluid distributton channels have been fomied. 
preferabV by etching, but also by tear ablatton or cutting, embosshg. pressing, punching or stampoig 
processesthatcreatethrough.and-partial-deplhftotures. Adjacentpteteshavingcoordinatepartialdepth 
features(e.g..half<hannels)uponboridr9provtoegas. coolant and vapadi^^ 
roundoroval^sssecttonwhtoh.byvwueoftheircontinuous.s^waland^ 

are otherwise impossible to construct 

When two unHJdar separators are assembled with an EMA therebetween It comprises an 
eiectrochemtealcelL Ananayofallgnedcells.whensecuredtogetherbybondlngorclampingmeans.and 
opttonalV Ihdudhg sealing gaskets between celS. comprises a fuel cell stack, a finished fuel cell. 

in typical examples, thenumber of platekrts to fbmi an indVtoualoellpol* 
oftheovera«fueiceUstackmayrangefrom3-i0pteaes.andp«ferabV^ 
adjacent polar separators, and preferably are hserted h ano^ 
presents preferred EMAcomprisesa2.l7mathtoksu«bnatedperf^ 
Lee with a mixture of m^fine R-black and cariHX, black ^ a soNent. and ^ 

a 10 m« thk* 65% open graphite paper having a Tefkxi hydrophobic binder therein 

The integrated flukl management fuel cell principles of this Inventton will be described here«. by 



•s- 



wo 96/12316 



PCT/US9S/13325 



way of axample only, in reference to a bipolar hydrogen/air or oxygen fuel cell employing a Pt- 
btack/NAFION EMA, but are equally applicable to other fuet/^oxidizer combinations, be they liquid, gases 
or combinations thereof, operating in the temperature range of from 50-150%. 

An important feature of the platelet design of this invention is that significant improvements are 
5 made in thermal management and in humidiflcation of the gases and electrotyte membranes to very 
significantty improve the power output of the platelet formed fuel cell of this invention as compared to the 
prior art In a preferred embodiment, the cell platelets are constnicted of metal, typically alumirxim, 
copper, stainless steel, niobium or titanium. After the platelets are formed, they are then txxided together 
by a specific schedule of heat and pressure (e.g.. glued with conductive glue, diffusion bonded, welded, 

1 0 brazed or soldered) to form a polar separator subassembly and tt>er8after, if desired, coated or treated 
for corrosion resistance. The EM As are then inset Into optional membrane recesses, called window frame 
recesses, in the separator plates forming individual electrochemical cells, and a plurality of the cells are 
stacked to form fuel cell stacks. The entire assembly is then bound under compression to promote 
sealing, ag.. by through tie rods, nuts and constant compression devk:es. to fbmi a unitary monolithic fuel 

15 cell stack. 

A wkje vahety of solid but porous polymeric proton exchange membrar^es may be employed, 
typically sulfonated fHjorocartxxi membranes from Dow Chemical, Asahi Chemk:ai. Gore or duPont, with 
duPonfs f^AFION being presently preferred. The membrane is coated on both skjes with a noble metal 
catalyst such as Pd. R. Rh. Ru, noble metal oxkies or mixtures thereof and bonded to graphite paper 

20 electrodes. Alternatively, the graphite paper electrode can be coated with the catalyst and bonded with 
the membrane. A prefenred electrode membrane assembly of this type is available from H Power Corp 
of Bellville, New Jersey. Other types of EMAs that can be used include porous thin sheets of carbon or 
graphite, or catalyst-coated polyimidazole membranes. 

While a specific mem brane type and manufacturer may provkje some im provement in pertbrmarKe. 

25 the inventk)n is not dependent on any one type of membrane or EMA. The integrated fluid management 
technok)gy QfMT) platelet appro^ of this inventk>n is adaptable to a wkle variety of fuel cell types, and 
improved perfbrmaffx^e will result therefrom. 

The platelet technk^ue permits forming a wkje variety of mx:ro-channet designs for any exterior 
configuratk)n of the fuel cell, yet with excellent thermal exchange and humUity control for more effk:ient 

30 distributkxi of the gases with no fuel or oxygen starvatkxi and better steady-state electrical output 

An important advantage m the FM platelet technok)gy of this inventkx) is that themanu^ctureof 
the fUel cells can be automated, and empksys photolithographk: and etching or stamping technology on 
thin sheet material. RapkJ changes can be made in the separator subassembly deslga A single factory 
csgx support a wkto range of fuel cey deslgis without the need for high output ordinarily required fbr 

35 productkyi economy. That is. fewer fuel cells of wkJely differam design can be produ^ 

economtoally feasibia In addltk)n, the capital investment Is substantially and signfficantty reduced as the 
productkxi equipment is ctose to off-the-shelf photolithographk:. masking, and etching a stamping 
equipment 
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By way of example, the multiple sheets of a separator can t>e accurately designed m large format, 
photographically reduced and the plates stamped out of continuous rolls of metal or conductive plastic 
sheet material. Alternatively, and in the present tsest mode, the sheets are photollthographteally masked 
with resist, etched to form the fluid management micro-grooves, the photo-resist mask layer chemically 
5 or physically removed, and the platelets cleaned. The finished platelets are then assembled to fomi the 
separators, placed in a vacuum furnace having a pressure ram and txxided together under heat and 
pressure by metal diffusion bonding to fomi a monolithfc separator plate subassembly having intricate 
internal micro-channels, including channels at different levels orthogonal to each other, through whfch the 
various gases and water or other coolant flow. The separator plates are then placed in a nitrogen 

1 0 atmosphere at elevated temperature which results in the reaction of nitrogen with the titanium to fonn a 
passivating or an anti-corrosive and conductive titanium nitride layer on all exposed surfaces, including 
the interior gas and water channels. The platelet separator design and production can be done on a 
continuous producUon line, anatogous to a PC-board manufacturing line. The entire multi-platelet 
sandwich is then bonded (e.g., diffusion, brazed, welded or soldered) under heat and pressure to fom 

1 5 a monolithic separator. The electrode membrane assemblies are then inserted between mdivkJual polar 
separator plates, the separators then stacked, and exterior end plates added to form the completed fuel 
cell stack which is held together by tie rods, nuts and constant compression devfces pressure to effect 
reactant tight sealing. Electrical leads, reactant gasses and coolant water are hooked-up. gases and 
coolant water are introduced and the cells brought on line. 

20 In a typical 7-platelet IFM bipolar separator subassembly of this invention, the platelets in sequence 

are: 

1 . Window fi^me platelet (to receive an EMA): 

2. Anode flow fieU spacer platelet: 

3. Anode flow field (distributkxi) platelet: 
25 4. Cooling platelet: 

5. Cathode flow field (distribution) platelet: 

6. Cathode flow field spacer platelet: and 

7. Window frame platelet (to receive the EMA of the adjacent celO. 

There are 6 different plates, with plates 1 and 7 being Wenticai. and each of plates 2-6 being different The 
30 details of etching and platedesign described herein by way of example are shown to evidence that there 
is no micro-channel collapse during the pressure bonding. In the bipolar separator example above, 
plates 1 i6and7areeachabouti2miisthtek(beforebonding)andpiates3.5areeachabout20mils 
thick, upon diffuskxi bonding the plates compress somewhat, and the total thickness of the resuW^ 
monolithic bipolar separator laminate is about 100 mils. The total recess depth In facing window plates 
35 (the anode window side of bipolar separator number one and the facing cathode window side of bipolar 
separator number two) is on the orter of 20 mils deep. The EMA Is on the order of 26 mils thtek and « 
somewhat compliant The KAF\OH membrane coated on both sMes with the mtarodisperted Pt-black 
catalyst in carbon black IS on the orderof4-5 mils thick, and each of theoutergraphlte^flonp^^ 
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is about 10 mils thicic These fit snugly in the window frames, and, upon the pressure sealing of the polar 
sepmtor plates, the EMA compresses into the 20 mils deep window recesses. The graphite paper ts on 
theorder of 65% open to provide good and even gases distributioa On the anode side the graphite paper 
cofxJucts electrons away from the catalytic reaction sites on the electrolyte membrane membrane to the 
lands of the sepaator plate for draw-off as fuel cell electricai output Electrons return from the external 
circurt via the cathode. On the cathode side, graphite paper conducts electrons from the lands of the 
separator plate to the catalytic reaction sites on the EMA. 

The fuel ceil multiple bipolar separator stack must be terminated at each end with an anode and 
a cathode unipolar separator end plate, which also serves as the current collector. For the unipolar anode 
separator, platelets i-4 above are used, and for the cathode separator, platelets 4-7 are used. The 
unipolar platelet separators are then capped at each end with thicker (4-20 mil) solid end plates and then 
compressed by tightening on the tie rod compression assembly. 

As an alternative example, where no gases humidification is required, a 4-platelet bipolar separator 
assembly may be emptoyed. and the sequence of platelets is as foltows: 
15 1 . Anode fk)w field (distnbution) platelet; 

2. Cooling manifold platelet; 

3. Ctose-out platelet; solid on anode skJe and manifoWs (micro-grooves) on cathode skJa; 
and 

4. Cathode ftow field (distributk)n) platelet 

20 Additionally* window frame platelets can be used on each skje where an inset EMA is used to form a 6- 
platelet bipol* separator sub-assembly. It shoukJ be noted that in place of the window frame platelet 
a double-skJed compliant gasket member may be used. Thus, the humWified bipolar separator can 
comprise 5 or 7 platelets depending on whether the optional window frame platelets are used, and for the 
non-humidified embodiment the bipolar separator comprises 4 or 6 platelets, the latter including the two 
25 window frame platelets. Titanium is particularty useful because it can flow together under appropriate 
pressure and temperature, forming an auto-weW of the diffuskxi bonded (ftow) type. 

The assembled separator (multi-platelet sub-assembly) is on the order of 100 mils thickness and 
weighs around 4-8 oz (1 1 0-300 grams) depending on the number and thickness of plates and materials. 
Approximately 10 separators/kw are used m a cell stack. After assembly on the tie rods, compresskxi 
endpiatds on the orta- of 1 .5 inches thick are applied and the entire fuel cell stack assembly is placed 
itfider compression of 200 psi by threaded tie rods to form the monolithk: fuel cell stack. The stack 
opmting pressure of 1 -65 psi is easily achievable with output at around 70-1 50 amps. To seal adjacent 
sep»ata sub-assemblies, an interiocking sealing ridge (vvhfch is gen 
the order of 1 -2 m lb ^1 hel^t is etched or pressed in the window frame p 
35 the ridge will fully mteriock with the window plate of the adjacent separator sub-assembly, or with the 
appropriate terminal endplate, as the case may be. 

The fuel cells of the IFM platelet design of this inventkxi can inckjde any suitable hydrocarbon 
reformer sectton to provWe Hj, e.g., via the steam-shift process emptoying an uideroxkllied burner plus 
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Steam to (mduce Hj, O2 and COj. 

A key feature of the platelets of this Invention is the use in combination of etched gas and water 
distribution channels, fomied In corresponding, aligned half channels in each of a pair of coordinate 
opposed mating plate ^ces (i-e.. mating faces of adjacent plates that face each other arKj contact each 
5 other in the stack), and similarty etched delivery manifolds. Optional but prefemed are etched sealing 
rtiges on the periphery of the plates to assist In sealing adjacent cell assemblies. 

CriticaJ to efficient high-output operation of PEM cells is proper thermal balance and hydration, and 
control thereof by uniform gas flow. 

Current PEM fuel cells exhibit problems of poor thermal management and water balance, low 
1 0 yaphlte conductivity and ductility, limited scalability and reactant depletion. Proper thennal management 
in PEM cells is critical as current membranes have a maximum operating temperature in the range of 90- 
9a*C. since temperatures above that permanently oiln the membrane by damaging the pore stnjcture. 
Since the fuel cells of this invention have heat exchanger sections integrated in each bipolar separator, as 
compared to one between every 4-5 separators in graphite PEM cells, our stacks can be scaled easily to 
1 5 larger sizes since both the heat generation and control (heat exchange) scale with area. Since we can 
easily tailor heat control to each type of membrane and fuel, and the intra-cell k)catton within the stack we 
can employ hi^ perfomiance EMAs, resulting in higher power densities. 

In regartj to water balance, the integrated humidifkatton in each separator maintains better water 
balance as they are indlvWuaiiy varied to accommodate the different requirements of the anode and 
20 cathode sWes of the fuel cell. Water is removed from the anode skje by electro-osmotic pumping through 
the membrane and react^Tt gas flow drying. Water buiWs up on the cathode skJe from the throughput 
of the electro-osmotic pumping and production of reactkxi water, whteh are both removed by air/O^ gas 
fk>w drying. 

in contrast to graphite PEM cells, the metal platelets of this tnventton are some 30 times more 
25 conductive, thus reducing the I^R losses in the stack under high current densities. These tosses reduce 
voltage and power obtainable from tf>e stack. The lower internal resistance of the metal separators 
provkJes a more even distributkjn of current, thus reducing the buikJ-up of hot spots and dead spots in 
theceils. Graphite separators « under compresskxi to eftet sealing, but pressure affects the res^^ 
of graphite m a non-linear fashion. This characteristte makes it very diffteutt to produce graphite ceils with 
30 uniform output In contrast metal sep»ators have excellent thenrial and elects 

elimTOtes hot and dead spots. Graphite is porous to Hj.Oj and air whteh reduces the chemkalefficie^ 
of graphite stacks because some is consumed In non-productk5n direct oxWatkxt 

Graphite sep£rators also crack when the cell is subjected to compresston to effect the sealing 
necessary to prevent gases leakage, the cells operating at 25-eOpsig. The tendency to crack severely 
35 limits the number and ske of the cells in the stack, and where one or more sepa^ 

the stack devetops leaks, the electrical output is compromised or signifteantly reduced. Metal platelets, 
being ductile do not present these problems. 

Further, it is ai important aspect of the mventton that the IFM technology of the inventkyi permits 
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v»iation of intra-stack platelet design to effect better thermal marBgement That is. the cells in the middle 
of uncooled stack do not have the same thermal environment, and accordingly not the same 
humidificatton requlremants of cells at or nearer the ends of the stack. TTie platelet design, in terms of 
relative anode, cathode, coolant and humidification micro-channeldesign can beeasily changed and intra- 
5 stack position defined to accommodate the various gradients within the stack. Ukewise. stacks can be 
designed to suit a wide variety of external conditions, an arctic design differing from a tropical, and a 
subsaa differing from a space design. 

This flexibility of design-the capability to tailor the configuration and path lengths and channel 
wWthsof mfcrochannels m each zoneof the separator (anode, cathode, heat exchange and humWHicatton) 

10 and from separator to separator (cell to cell) progressively and individually within the stack to 
accommodate the Intra stack environment and gradients-results m ease of scaling to higher power 
outputs, e.g., on the order of greater than 50-1 OOkw. 

The series/parallel serpentine channel design provides more unifonn distributkxi of the reactant 
gases. This is particularty importait in providing significantly better cathode perfomiance when operating 

15 on air due to depletton of 0^ as the air travels through the channels. In current channel design, air enters 
0, rich and leaves Oj depleted, since the Oj is consumed in the electrochemical reaction. The same 
depletion effect is tme of Hj. In our inventton. the shorter series of channels manifbkJed in parallel, and 
the ability to design and redesign channels of varying configuratkxis. or graduated width, improves 
cathode kinettos. a currently dominant limitation of current fuel cells. In this inventkxi. the ftow is dlvWed 

20 into a series of pwalWckcuits in which the precise pressure drops can be Obtained. By increasing the 
riumber of parallel circuits, the press»« drop can be towered as the fkjw rate is reduced and the channel 

sWe wan frictkxial effects are reduced due to shorter path length. 

While the currently preferred best mode of the invention emptoys window frame platelets wHh 
graphite paper over the catalyst/carbon-black coated membrane to provide a highV porous sheet having 

25 random gas distribution channels there through, an importart alternative embodiment of the 

emptoys a carbon^iaper-tess membrwe wherein microfine holes are etched through the "window pane 
area' of the window frane to effect the same gas distributton function, in producing the window frame 
platelet, the window pane area is defined In the appropriate media] areas of the plate that is tocated 
mterioriy of the outer plate edges. (Unes defining the pane area may be through-etched except for a few 

30 thh bridges hoWhg the window pane section in place during platelet febricatfea The bridges are later 
cut and the p»e removed, or let fall out to complete the window frame plateleL) The open areas receive 
the carbon fiber paper upon comprasston of the full sheet membrane between adjacent platetets. In the 
alternate embodiment, instead of removing the window pane area material, a -window s^ 
created h the whdow p»» area by micro fine through etching, the botes being on the otd^ 

35 ia00Q/sq.lnch.Thencattly8t<oatedgraphitepaperiessmembtanelscompressedbetweenthead^ 

separator plates. 
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BRIEF DESCFUPnON OF DRAWINGS: 

The hvention will be described in more detail by reference to tMe drawings In which: 
Rgurt 1 is a schematic section view through a fuel cell stack em ploying platelet bipolar separators 
embodying the principles of this invention particularty adapted for operation with and Air/02: 
5 Rgures 2A and 2B are schematic section views through a cooled, non-humidified (Fig 2A) and a 

humidified and cooled fuel cell IFMT platelet separator of this invention showing the wide variation possible 

in number of platelets used: 

Figure 3 is a exploded isometric view of a 2-cell sub-assembly for a IFMT fuel cell of the Invention: 

Figure 4 is an exploded isometric view of one embodiment of a 6-7 platelet separator for an IFMT 
1 0 fuel cell of this invention: 

Figures 5-10 are detailed plan views of the embodiment of a 6-7 platelet separator of Fig 4; 

Rgure 5A is the front and its mirror imaga and back sides of the window frame or window screen 
(1st anode and 7th cathode) sealing platelet; 

Rgures 6A and SB are the front and back sides of the anode ftow field spacer platelet (platelet 2): 
1 5 Rgures 7A and 7B are the front and back skjes of the anode ftow fiekJ platelet (platelet 3); 

Rgures 8A and 8B are the front and back sides of the cooling platelet. 8A being the anode side 
and 8B being the cathode side (platelet 4); 

Rgures 9A and 9B are the front and back sides of the cathode fkw field platelet (platelet 5); 

Rgures 1 0A and 10B are the front and back sides of the cathode flow field spacer platelet (platelet 

20 6): 

Rgure 11 is a schematic of the flukJ circuits into and out of adjacent mating bipolar separators into 
contact with the membrane showing water, heat and reaactant gases transport therethrough: 

Rgure 12 is a schematk: drawing of the electrochemistry of a PEM IFMT platelet fuel cell of this 
inventton; 

25 Rgure 1 3 is a ptot Of cell voltage vs cunent density of an Hj/Oj test 2-cell fuel cell of this inventkjn: 

Rgure 14 is a ptot of cell voltage vs current density of an Hj/Air test 2.cell stack of this inventton: 
Rgure 15 Is a ftow sheet of a continuous platelet manufacturing process in whtoh features are 
fbmied by depth and through etching; 

Rgure 16 .1s a ftow sheet of a process for bonding platelets of this Inverttton Into monolithic 

30 separators: and 

Rgure 17 is a flow sheet of the prtjcess for adaptively rapid generation of the photoHthographic 
artworks for individual platelet designs in accord with the IFMT principles of this mventtoa 



35 



BEST MODES FOR CARRYING OUT THE INVENTION: 

■me fbltowhg detailed descriptton illustrates the inventton by way of example, not by way of 
llmltatton of the principles of the inventton. This descriptton win ciearty enable one skilled In the art to 
makeandusethelnventton.anddescribesseveralembodiments.adaptattons.variattons. alters 
uses of the inventton. including what we presently believe are the current best modes of carn^ 
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invention. 

Rg 1 Shows in simplified (schematic) cross section a fuel cell stacl< 1 of this invention employing 
a plurality of multi-platelet bipolar separators 2A. 8. C and a pair of cathode and anode unipolar end 
separators 3. 4 respectively. Proton exchange Electrode Membrane Assemblies (EMAs) 5A. B. C. and 0 
5 are disposed between the separators as showa Air and/or Oj is inlet via manifold system 6. H, and/or 
other fuel inlet via manifold 7. and coolingmumidification water is Inlet at 8 and outlet at 9. 

ng 2 shows in schematic section view the construction of one embodiment of bipolar separators 
2 (brnied from bonded platelets 10 for the non-humidified version of Rg 2A. and platelets 30 for the 
humidified version 20 of Rg 2B. Rg 2 also illustrates the wide variation in the number of plates that may 

1 0 be employed to constnjct a separator by various combinations of depth etching (or depth feature fonning) 
and through-etching (through feature fomiing). For example. Rg 2A shows a 7-plate configuration as 
follows: 10A is a window frameor window screen platelet: 108 is an anode flow field platelet (or optimally 
pair of platelets, one an anode spacer platelet and the one to the right being an anode flow field platelet): 
IOC is a Closest platelet: 100 is a cooling flow field platelet which can be through-etched or can have 

1 5 plural coolant paths by employing ditfering serpentine channels depth-etched from the opposite sides but 
not communicating throughout their length (they can communicate by through-etched vias): 106 is a 
closeKxit platelet: 10F is the cathode flow field platelet corresponding to 108: and 1 0Q Is a window frame 
or window pane platelet like 1 0A. The bottom of Rg 2A illustrates a 5-plate grouping: 1 0-1 and 1 0-5 are 
window frame or window screen platelets: 10-2 isaslngle platelet depth-etched from the anode sid« 

20 is asingie cooling platelet: and 10-4 is the cathode analog of 10-2. Thus, thestack configuratton can vary 
from 5 platelets to 1 1 platelets, m the later case 1 08 and/or 1 0F are two platelets, and 1 00 may be three 
platelets. 

SimHsrly. Rg 2B may range from 3 or 4 to 20 platelets, seven being shown (30-1 through 30-7) 
depending on the desired platelet configuration, which in large part may be dictated by material and 
25 manufactuing considerations, or by fuel cea or membrane type, but all of wheh may employ the IFMT 
prtwiples of the invention. Thus;' while 30^ is shown as a single platelet, it may be three platelets, two 
through-etched with an intermediate shim or ctose<ut platelet 

Rg 3 is VT exploded isometric view of two cells 15A. 158 mtemal of the stack comprising 
separatois 2A (or 2QA). 2B (or 208) and 2C (or 20C) sandwtahing two EMAs 5A. SB. In this view, only the 
30 H2(anode)sJdeoftheblpol»separatorsarevisablabUasshownbelow.therearecoonJlnaie02a^ 
on the hidden (cathode) sida The l*ge areas 25A are the active areas of the cell. 25AnjprBsenting the 
anode side and 25C the cathode side. Anode humidification zones 35 and cathode humidificatton zone 
40 are present In the separators, and described In more detaU bek>w. 

The EMAS 5A 58 include catalyst coated areas 28A. 2BC corresponding to ihe active areas 25A. 

35 c. The ~ 37. 42 are not catalyst coated and correspond to the anode and cathode humidification 
zcjnes 35. 40 respectively. Alignment holes and manifold vias are evident adjacent the margins of the 
platelets and the EMAs. 

Rg 4 is an exploded isometric view of a 7-platelet humidified IR^ bipolar separator 20 of this 
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invention comprising platelets of six different types, piateiets 30- 1 and 30-7 betng identical window frame 
or window screen platelets (window frame t)eing shown), which may include sealing rkJges (not shown) 
around the cut-outs, the active area 25. the humidlfication areas 35, 40. and around the transverse 
through-etched reactant gas and coolant manifolds. TTie sealing ridges can t>e emt)0ssed or etched in 
5 the platelet 

Platelet 30-2 is the anode flow field spacer platelet having through-etched channels and vias, and 
depth-etched manifolds and tab features. In all platelets 30-2 to 30-7 the through-etched transverse 
border passages or manifolds are coordinate with those of platelet 30-1 . Platelet 30-3 is the anode flow 
fteM platelet with depth-etched channels coordinate with the through-etched channels of platelet 30-2. 

1 0 Platelet 30-4 is the cooling platelet with the anode side showing plural parallel depth-etched serpentine 
cooling channels in half the active area. The non-visible obverse side has cathode cooling channels, also 
depth-etched and covering the other half of the active area. Platelet 30-5 is the cathode flow field platelet 
with depth-etched channels on the obverse side, not visible in Fig, 4. but the analog of platelet 30-3. 
Platelet 30-6 is the cathode flow field spacer platelet with through-etched channels coordinate with plate 

1 5 30-5. through-etched vias, and depth-etched tabs analogous to platelet 30.2. Platelet 30-7 Is the cathode 
window frame (or window screen) platelet having sealing ridges as described above for platelet 30-1 on 
the obverse side. 

ngs. 5-1 0 are a series showing ffi plan view from the facing side of each platelet the details of one 
embodiment of the through- and depth-etching features of the 7-plat6let bipolar separator plate of Fig. 4 

20 in accord with the IFM principles Of the inventioa It should be noted that the progression of plates is as 
shown in Rg. 4, with the figure designation -A being the front of the plate as seen from the anode 
(foreground) side of Rg. 4. However, ttie -B side is the non-visible side of the respective platelets of Rg. 4 
when turned over. That is. the views are all artwork or plate face-up views. Platelets 1 and 7 are 
essentially the same with the exception of when sealing ridges are employed, Rg. 5 being the front of 

25 platelet 1 and the back of platelet 7, while the mirror image of Rg. 5 woukj be the back of platelet 1 and 
the front of platelet 7. Rg. 5 shows the embodiment where gaskets are empkiyed to seal the bipolar 
separator to the EMA. Where no gasket is used the front of the anode platelet may have a single ridge 
that is aligned to interiock in a groove between two ridges on the back of the cathode platelet Rg. 6 
depicts the avxle-factng surface of the Anode Sealing Platelet 30-1 and the Cathode Sealing Platelet 30-7. 

30 alsocalledwlndowframeorwindowscreenplatelets. This surface may have 1-2 mil sealing ridges around 
the internal manifoU passages (the rounded comer rectangles) and the fto^ The major features of 
thisptateletarethethreelargerectangles. These rectangles altow space to compressively receive graphite 
paper of the membrane electrode assemblies. Rectangle 25 is the Anode Active Area Row FieM cutout 
(orscreenma). The top left rectangle 35 is the Fuel (hydrogen) HumMHk:ationFk>wRekj^ Thetopright 

35 rectsvgle 40 b the cut out for the Cathode Humklifkatton Water FtowRe^ Transverse through-etched 
reactant gas (12, 14. 16. 18) and coolant (22. 24) manlfbUs are arranged across the top, bottom and skies 
oftheplatelet ThesmallestmanifbUisfbrfuel(hydrogen), with 12 being input and 14 out^ Thetwo 
mkldle sized manlfbkJs are for water coding and humkjifk:atk)n circuits with 22A. 22C being inlets, and 
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24A. 24C beiriQ outlets. 7hetwoiai^manifbidsafefbrair(oxyQen), with 16 being an inlet «idi8A. 18B 
outlets. 

Sealing ridges may tie located at 27 aromd each of transverse manitolds and the pocl^ 
or screens 25. 35. 40). The manifold and flow field sealing ridges are fonned by msitu embossing during 
5 the platelet bonding process. An alternative process is sealing ridge fbnnation by depth-etching the 
platelet a second time. The first etching through etches the manifold, field, alignment and tie rod holes. 
TTie second etching forms the ridges. 

ng. 5 also depicts the through-etched: stacking alignment holes 32 and ttwough-hole tie rod holes 
34. Stacking holes are used to precisely align the platelets for the bonding process. The back of this 
1 0 platelet is the mirror Image of the front without sealing ridges regardless of whether sealing ridges or a 
gasket is emptoyed- The front of platelet 30-7 is the mirror Image of Rg. 3. and the back of platelet 30-7 
Is ng. 6. with or without cooperating sealing ridges as described above. 

ng. 6 depicts the front side of the Anode Flow FiekJ Spacer Platelet through-etched series parallel 
fuel (hydrogen) ftow fieW 44. the fuel (hydrogen) humkJificatton field 46. and cathode water field 49 fbr 
1 5 humkJifying the Oj on the cathode side of the membrane. These channels are designed to optimize the 
fk)w rates »xJ pressure drops of the devtaa TWs drawing also depicts the continuatton of the through- 
etched transverse manifblds for fuel (hydrogen), air (oxygen) and water coolant. 12. 14. 16. 18. 22 and 24. 
in-out. respectively. 

This dravnng also depfcts a very important aspect of the Inventton. the tabs 50 whfch are depth- 
20 etched as compared to the channels 52 which are through-etched (in this platelet), and tie together the 
alternating, spaced lands 42. As can be seen in Fig. 6B. the tabs are not visible, but the channels 52 and 
spacer lands 54 ara The tabs are depth-etched away only from the back (Fig- 6B) skto leaving them on 
the front skle. Depth-etching is approximately 60% of the full plate thickness. Through-etching is 
accomplished bydepth-etchhg. via appropriate masking, from both skies of the platelets. Oepth-etching 
25 is only from one sWa ThesameistnjeofthehumidiffcationfieWs46and48. The Fig. 6Bbackskle also 
deplctsthecontinuatkjnof the tt^-etched ftow fieW Channels 52. and the various manifoWs. alignment 
holes and tie rod holes. This platelet does not exhibit manifowmg to the Hj. O2 and water inlets and 
outlets. 

Bg. 7A depicts the frortf side of the Anode Ftow Field Platelet having a series of depth-etched 
30 parallel Channels fbmiing the hydrogen actwe area ftow flew 44. hydrogen humkilfto^ 

cathodewaterchannels9linfleW49. TTiese channels 52 and lands 54 are precisely aligned and match 
the ftow field channeb and tefKls found in the Anode Ftow Flea Spacer Platelet of F^ Also 
showing up on this platelet are depth-etched distribution channel extensfans 56 Into and out of the 
hydrogenhumkl«cattonflowfiekJ46. (To Ibltow the H, ftow in the fletos. also refer to ng.aA.) TheHj 
35 ftow8lnfromthetw«vereehleti2thrajghdistrtbuttonmanifbW60^^ 

7A and 7B) Into the H, hiiTitoifteatton channels 62 (Fig. 7A). which are shown as 3 sets of pai^ 

serpentine channels comprising hydrogen humWIfteatton field 48. The exits the field at near 100% 
humidltythroughoutletvlas63(ng8.7A.7B)totheoutletcollecttonmanifba64{F!g.8^ 
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(R0«. 76 and 8A) and back up to the hydrogen gas distribution inlet manifold 66 of the anode active field 
44. There are six parallel sets of serpentine channels 67 in the active fiekJ. The residual exits the field 
through extensions 68, thence through exhaust manifold 69 out the transverse outlet 14. The manifolds 
and the vias are engineered to insure unifomi distribution of hydrogen across the flow field. The vias 61 . 
5 63 are sized to function as metering ports. Engineering the distribution and collection manifolds permits 
the pressure drops and flow rates to be precisely controlled. T?)e vias 61, 63, 65 and manifolds in 
subsequent plates (Figs. 7B and 8A) may be superimposed to easily discern the flow path between plates. 

Fig, 7B depicts the back of the Anode FkDw Field Platelet with through-etched transverse metering 
orifices ^ias) 61 that regulate fuel (hydrogen) flow from the transverse H2 fuel inlet 12 and depth-etched 
1 0 manifokl 60 (Rg. 8A) into the Hj (anode) humidlfication field 46 (Fig. 7A), The through-holes (vias) 63 are 
the output to depth-etched manifoW 64 (Fig. 8A) communfeating via square feed hole ^ia) 65 to the inlet 
manifold 66 of the active fiekJ 44. The outlet is via depth-etched manifokJ 69 to outlet transverse hole 
14. 

In Rg. 7B, cathode coolant water is inlet at transverse hole (manifold) 22C and hot water outlet from 
15 vias 70, 71 into the humidification zone 49 (Rg. 7A) then, and out of the zone 49 through vias 72, 73 to 
manifold 74 (Rg, SA) and out transverse manifold 24C. Ukewise, air/Oj is inlet from transverse manrfokJ 
16 to depth-etched air inlet manifold 76 (Rg. EA), into the air (cathode) humWificatfon zone 47 (Rg. 98) 
out the depth-etched air distribution manifold 77 and down into the cathode active area 98 (Rgs. 9B and 
10A) through depth-etched manifold 78. The spent air is collected by exhaust manifokJ 79 and it then 
20 flows out through the transverse manifoW holes 18A, 188. 

Rg. 8A deptets the front of the anode and cathode cooling platelet with two sets of three depth- 
etched serpentine cooling fluid channels 81 covering half the active flow field area to handle half the 
thermal toad. Water enters the serpentine 81 through port 22C and exits by manifoW 83. Hot water then 
passes through vias 70, 71 (see Rg. 7B) into the cathode water field 49 (see Rg. 7A). Water moleciries 
25 diffusethroughthemembranetohumkJIfytheoxygenontheotherskJeof^ TDewaterexits 
through vias 72. 73 (Rgs. 7A, 7B), is collected by manifold 74 and exists the stack through transverse 
manifoki passage 24C. 

TWs plate also show« air/O^ imet manifokJ 76 ^ the air distributton manifokJ 77 and 78 wrfiteh are 
joined and tfrough-etched, as can be seen from Rg. 8B. Ukewise, the spent air collectton manrfoW 79 
30 is through-etched in this platelet (platelet 30-4 of Rg. 4), but all three are onV depth-etched on the facing 
skJeof platelet 7B. 

Rg.8Bdepk:ts the backof the anode and cathode cooling platelet the backsWebe^ 
skJe. and shares similar featues with the exceptton that there are no depth-etched H, distributton 
manifbWs60.64»xJnovia65. Since this is the cathode stoe the water Inlet b22A, the serpentina 
35 sa the hot waty collectton manifbW is 82. and the w«er outW The manJfokJ 82 

communteateswith anode water fieW 48 by hot water vias 84, 85. and the wate^ 
86.87tothem»ilfold75. Theserpentines80handtetheotherhalfoftheheattoadfromtheactl^^ 

fieto44. 
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FI9. «A depicts the front of the Cathode Flow FleW Platelet with depth-etched O, inlet distfttHrtlon 
m»\ifbid 78. the exhaust collection manifold 79. as well as the thioogh-etched transverse marttold tor 
(1 2 inlet; 1 4 outtet), Oj (i 6 iiiet; 1 8 outlet) and water (22A, C inlet; 24A. C outlet). There are also a row of 
O, inlet vias 88 for miet of 0, to the humWlffeation field 47 (Rg. 9B) and outlet vlas 90 from the Oj 
5 humidification field 47. The humidified Oj inlet manifold communicates with Oj cathode active field vias 
92 (ng. 9B) while the spent Oj exits through vias 96 (Fig. 9B) to the exhaust collection manifold 79 and 
out the O2 transverse manifolds 18A. I8B. 

ng. 9B depicts the bacK of the cathode flow field platelet (platelet 30-5 of Fig. 4) which is 
analogous to the front of the anode flow field platelet (platelet 30-3 of Rg. 4) except that the Oj 

1 0 serpentines 89 In the humidification field 47 and 94 in the cathode 0, active area 98 are shorter, due 
to the Increased viscosity of the Air/Oj as compared to Hydrogen. Note for 3 serpentines for Hj. there 
are 18 for O,. O2 passes from the transverse miet 16 through inlet manifold 76 (Fig. BA) to inlet vias 88 
(Figs. 9A and 9B) into the field 47 and out vias 90 to the distribution manifolds 77. 78 (Fig, 8A) and thence 
into the cathode active area 98 serpentine through vias 98 (Fig. SB). The spent Air/Oj leaves through vias 

15 100 to the exhaust collection manifold 79 (Fig. 9A) and thence out the transverse manifold outlets 18A. 
18B. AS noted above, the fields 47. 48 and 98 are depth-etched to define channels and intermediate 
lands. 

Fig. 10A depicts the front of the Cathode Flow Field Spacer Platelet with through-etched channel 
flow fields 47. 48 and 98 as described abova This plate is analogous to the anode flow field spacer 
20 (platelet 30-2 in Flg.4): except that the serpentine channels are designed for the to minimize the 
pressure drop and maximize flow rete. 

Fig. 10B depicts the back of the cathode Field Spacer Platelet (platelet 30< of Fig. 4) which Is 
analogous to the front of the anode spacer platelet (30-2 of Rg. 4) m that the depth-etched tabs 50 retain 
the lands 102 between adjacent through-etchedchanneis 94 in the activecathode field 98. thechanneis 93 
25 ofarodewaterfield48aidtheoxygenchannels89of02humidificationfield47. The lands, channels and 

tabs are formed as above described. 

ng. 11 illustrates the hydrogen, oxygen and the humidification and cooling water circulls through 
apair of sepaators. the snodesideofaflrst separator being labeled-Anode" and the c^ 
next separator In the stack being labeled "Cathode' with a water-permeable EMA 5 disposed 

30 therebetweea The numbering ofeiements is coded to Figs. 3 and S-10 abova Note the hydrogen input 
through transverse manUbkJ 1 2 is first humWified in channels 52 of area 46 by hot water molecules 
transported tjydiffuskx^throu^ the humWificalton membrane area 37 fro^ 
the cathode side h area 48) to the hydrogen humidificatton channels 52 in the humWiflcatkxi area 
48. Thehumidifiedhydrogenthenpassesthroughchannels67inacthrearea44oftheactlveel^^ 

35 membrane section 28. and excess hydrogen and humkJificatlon water exits out throu^ 

The8nodewatercomesinthroughinletlransver3emanlfbld22A.lsheatedlnthe8erpent 
exchanger 80 where « withdraws half the heat from the reacting H, and 0, In the chann^ 
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area 26 and defivere hot water to the memt)rane 37 from channels 93 m area 48. "me cathode water 
conespondmgiy comes in throtjgh manifold 22C receives heat in serpentine heat exchanger 81 and 
delivers hot water to the membrane 42 from channels 91 in area 49. and this hot water diffuses across the 
manifold or membrane and is picl<ed up by incoming cathode air in channels 89 In area 47 on the other 

5 side of the membrane. 

The cathode air comes in through inlet fransverse manifold 1 6. is humidified In channels 89 of area 
47 by the hot cathode water in channels 91 in area 49 passing vapor or molecules through the membrane 
area 42. The humidified cathode air then passes through channels 94 m the active area 98. and the 
depleted air and reaction product water is verted through manifolds 18A. B. 

1 0 Note the net effect is humidification water vapor passes through a first area of the membrane from 

the cathode side to humidify on the anode side of the membrane, while water vapor passes from the 
anode side through a second area of the membrane to humidify incoming cathode air on the cathode side. 
A third membrane area is the active area where reaction takes place white water on each side is used to 
remove half the heat, and the net flow of product water in this zone is from the anode side to the cathode 

15 side. 

The center section of Rg. 12 depicts the overall fuel cell operation in which Hj on the anode side 
is catatyticaiiy oxidized to yield two electrons (indicated by 2e.) at the graphite electrode (anode), and the 
resulting two hydrated protons diffuse and are electro^oticaily pumped through the wet electrolytic 
membrane fJKlicated by HJH^O in the membrane) to the cathode catalytic site where they combine with 

20 Oj and two electrons (indicated by 2e-) to torn HjO. The upper and lower sections of Fig. 12 depict the 
counterftow humidification mechanism which is a central element of this invention. The elecirolytic 
membrane seroesadual roll as asolid electrolyte and humtdificatonmembrane. The upper section shows 
oxygen gas on the cathode side being humidified by water on the anode side. Conversely hydrogen on 
the anode side is humidified by water on the cathode side 

25 ngs. 13-14 are graphs of the output In temis of cell voltage v$ current density of actual test fuel 

ceu stacks employing the IFMT platel^ principles of this invention, in both tests a cell having 2 cells 
employing 7.platelet separators as In nfl8.4.l0 were used. The active area totaled 129 square 
centimeters. A pt-black in carbon black coated NARON Membrane Electrode Assembly from H Power 
Corp. was emptoyed. The operating parameters were: T - gs^C: P H^O, - 15/25 psig; fuel H, and 0,: 

30 AS shown in na. 13 the ceB voltage vs cunrent density is essentially linear between .9 v at 50 mA/CM* and 
.4vat830mA/CM». The cell produced at this rate for 8 hrs. The test was tamiinated duo to time 

constraints: not due to ceO stack failure. 

FIB. ushows the results for the same cell operated with Hj and air atapressure of 25/30 psiQ at 

95-C. The output IS likewise essentially linear between .9vati0mA/CM2to.4vat 460 mA/CM'^ 

35 produced at this rate for 8 hours. The test was terminated due to time constraints: not due to fuel ceO 

stack failure. . 
ng.15isafkw sheet depteting the principal steps in the platelet manufacturing pw^ 

feature fonnation by chemical milling (etching). The steps are as foitows: 
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A. PLATELET STOCK INSPECTION: Incoming plateldt stock 110 is su&lectad to 
nspection 120 to voify material type, roWed hardness, rolled thickness, surface unifdmiity» and relevant 
supplier infbrmatkyi. 

B PLATELET STOCK CLEANING AND DRYING: Piatelet Stock is Cleaned 130 for 
5 photoresist applcation by scrubbing, degreasing and chemical cleaning usff>g an automatic machine. This 
process removes rBskjual sheet stock rolling grease and oils. After degreasing the platelet is subjected 
to a mikJ chemical cleaning at room tem perature by a dilute etching solutkjn to remove oxUes and surface 
impurities. For tit»iium the cleaning sotutkxi is 3%-9%HF and 10%-1 8% HNpj- For other metals ferric 
chkxide of 30-45 degree Baume' at room temperature is used as the cleaning solution. Platelets are dried 
10 in a forced convectton dryer as the final step prior to applkation of photoresist 

Depending on whether the resist is wet or dry, the resist applkation proceeds by either Steps C-l 
and C-2, or by C-3, betow. 

C-1. WETPROCESSPHOTORESISTAPPUCATION: Wet process photoresist allows the finest 
resokitton of details due to the thinness of the photoresist layer. Wet photoresist is typtoaOy appfied, 135, 
15 using a dip lank. Small platelets may be spin coated using spin coating machines developed for the 
semconductor industry. 

C-2. RESIST OVEN: Wet resist is baked (cured) in oven 137 to from a hard resiiient layer. 
C-3. DRY PROCESS PHOTO-RESIST APPUCATK>N: Dry photo- resist is used where 
tolerances can be relaxed. For fuel cell separators dry resist is typically used. Dry resist is peeled off a 
20 backing sheet and bonded, 139. using a heated roller press. The roller press is similar to those used in 
the printed circurt industry. The rolling process automatically peels off the backing material from the 
photoresist Typteal dry photo-resist material Is 2 mil 'Riston 4620" manufactured by the duPont 
Company. 

D. PHOTO-RESIST MASK UV EXPOSURE: Platelets are exposed 140 using a UV contact 
25 exposiw machine. Careful attentkxi is pakt to precise alignment of both skies of the artwortc 
Registratk)n targets are used to aid this process. 

E IMAGE DEVELOPING: Theexposed platelet is passed. 1 45, through a devetoping solution 
and oven. Wet process resist is devetoped in a hydrocarbon devetoper. whteh removes uncured resist 
Typteal devetoper is "Stoddard's Solutton'. part number GW 325, manufactured by Great Western 
30 Chemkals and Butyl Acetate, part number CAS 104-46^. available fr^ Wet 
process devetopment uses these soluttons full sitrength at room temperature. Alter exposure to the 
devetoping agents the remaining wet resist is rebaked to fbmi a resilient Dry process devetoping 
uses duPont "Uqutt Devetoper Concentrate", part number O-4000. in a 1.5% solutton at SOfF. 

F. SPRAY ETCH TANK CHEMICAL MACHINING: Devetoped platelets are etched 150 in 
35 a spray etch talk. Spray tanks are preferred to dip tank etchers due to the higher thoug^p^ In 
some cases f^ier resolutton ca« be obtained with dip tank etchers than 
The etching process is very stfisitive to the strength of the etchant solute 
spray pressurB aid process temperature. Process feedback 155 on these parameters is maintained 
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dicing a production run by continuous In-process inspection 1 52. Une speed is typically varied to obtain 
the desired etch results. Either ferric chloride or HF/nitric acid solution is used as the elchant Ferric 
chloride is used for copper, aluminum, and stainless steel. HF/nltric acid is used for titanium. For titanium 
typical etchant concentrations run from 3%-i0% HF and 10%-18% HNO,. The range of etching 
5 temperatures for titanium are 80-1 SOT. For other metals typical ferric chloride concentrations are 3(M5* 
Baume' with the etching temperature maintained in the range of 80-1 SOT. The specific concentration and 
temperature condittons can be controlled for each different metal employed. Une speed Is a function of 
the number of active etching tant<s. Typical etchers are built up from individual etchfrig tanks joined by 
a common conveyer. Typical etchers are available from Schmid Systems. Inc. of H^laumee, OH and 
10 AtotechChemcut of State College. PA. Platelets are washed in a cascade washer after the last etch tank. 
The cascade washer removes excess etchant prior to inspection. 

G. IN-PROCESS INSPECTION: Platelets are inspected at 1 52 to feed back etch rate and line 
speed information to the etching process. In-process inspection is typically performed visually. 

H. STRIP RESIST: Wet pnxess photo resist is stripped 160 using a hydrocarbon stripper at 
15 200T. A suitable one being 'Chem Strip", part number PC 1822. manufactured by Alpha Metals of 

Carsoa California. Dry process photo resist is stripped using a commercial strip solution such as 
•Ardrox". part number PC 4055. manufactured by Ardrox of U Iwlirada. California Ardrox is diluted to 1- 
3% and used at 130T. After stripping the platelets are cleaned using a cascade washer. 

I. FINAL INSPECTION: Visual final inspection is performed 1 65 by measuringand comparing 
20 with the critical dnnensions 1 62 selected during the CAD design process. This mfbrmatkxi is fed back to 

control the etching and design process. 

The finalized mother sheets of platelets 1 72 are placed in inventory 170 being kept together by type 
or in groups. Note the roll stock is typfcaily titanium of thtekness 4-25 mils (depending on platelet design 
requirements) 36' wideand the platelet blanks are6"x8'. so that in the continuous feed process described 
25 above the platelets are arranged 6-up, that is, 6 across the wkJth of the sheet. The platelets can be all of 
the same type. ag. platelet #2 (30-2 of fig 4.) or in a grouped series, platelets 1-7 (30-1 to 30-7). 

ng. 16 is a process flowsheet depicting the presently prefenwJ method of bonding the platelets 
into monolithic polar separata assemblies. The platelet mother sheets 172 are withdrawn from the 

mveniory 1 70 as needed and processed as follows: 

A. CHEMICAL CLEANINO: Full strength etchant at room temperature is used to clean 
platelets. 175. to insure an oxide free surface for bonding. After cleaning the platelets are oven baked to 
dry them. 

B. PLATELET SINQULATOR: Platelet mother sheets are singulated 180 t>y cutting the 
bridges howmg the featured platelets In place in the mother sheet This Is done prior to stacking to 

35 facUitate the bonding process. 

C. STACKING PROCESS and BOND STOP OFF SPRAY APPLICATION: Platelets are 

Oriented horizontalV ordered (placed in proper sequence), and vertlcaUy stacked in sequence 190 on hot 
platens having two alignment pins 182. The platelet alignment holes (holes 32 of Fig- «) are placed over 
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the pins to prwiseJy align the platelets so that mating platelet features con-elate to fonn the vias, lands, 
maiifoids and channels. Prior to stacking, the hot platens are coated 195 with commercially available 
t)ond stopK>ff to prevent the platelets from t)onding to the platens. Bond stop-off composition varies 
according to the type of metaJ to te bonded. Yttrium oxide is used for titanium and aluminum oxide is 
used other metals. Bond stop-off is also applied between platelet stack assemblies to prevent bonding 
to adjacent stacks. Mini platens ve placed between platelet stack assemblies to accurately transmit k)ads 
and facilitate bonding. In this manner up to 1 00 separators may be bonded at a time in a single bonding 
stack between a top and a bottom platen. 

D. DIFFUSION BONDING: The assembled platelet stacks 190 (platen not shown) are loaded 
into a healed vacuum press for diffusion bonding 200. Different metals require different bonding 
conditkyis. Bonding condittons are detemiined by a specific schedule of applied ram pressure and 
temperature. To initiate the bonding cycle the press is closed and evacuated to 10** ton- to prevent 
oxklatton during heating and to degas the interstices between platelets. Once the appropriate vacuum 
is achieved, the fumace heat is turned on and the assembled platelet stacks are allowed to thermally 

15 equilibrate. In some cases partial ran pressure is applied during the heat up period. When thennal 
equilibrium is achieved bonding pressure is applied for a specified schedule that depends upon the metal 
being bonded. In some cases post-bond heat treatments are applied at reduced pressure depending 
upon the types of parts and types of metals being bonded. Typteal bond cycles last 10 to 60 minutes at 
900T to 1 TOOT under pressures of 2000 psi to 4000 psi, depending upon the metal and platelet design 

20 tobebonded. Typk»l heat treatment for Tl ranges fiw about 1500T to about l600Tfo^ 

at 1 00 psL The temperature is reduced to room temperature upon completk)n of the bonding and heat 
treatment cycles. When chamber temperature reaches lOOT to 200T the vacuum is released and the 

vacuum press is unloaded. 

E. PROOF AND/OR LEAK CHECK: Bonded platelet separatorsare leak checked, 205, using 
25 a test fixture to apply mtemal pressure to thechannels, manifoWs and vias to verify bond integrity. i.e.. that 

there are no edge leaks or internal channel short circuits. 

F. POST BONO CLEANING: After leak checking, bond stop off is cleaned 210 form the 
platelet sep^ators using mechanfcal scmbbing foltowed by an ackJ etch, cascade washing and forced air 
oven drying. 

3Q FINAL TRIM: Processing akJs, such as handling frames and platelet sequencing numbers 

(formed on the edges of the platelets) are removed <cut ofO in the final ^ 

monolithic bonded platelet separator 220 having the intricate, internal mkrochannel fJeWs described 
abova 

H. PASSIVATING: Completed titanium separators are subjected to nitriding 225 In a v^^ 
funace. Separators are toaded ^to a vacuum fumace whk*i is evac^ Dry nitrogen is 

htroduced into the fiinace to a pressure of ipsig. This cycle b repeated. Once the final pressure of 
1 psig is attained, the furnace is heated to between 1^^ 
about 90 minutes. The specific times and temperatures depend upon the thtekness of th^ 
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coating desired. TTie furnace is cooled, repressured and the finished product nitrided (passivated) platelet 
sepvator 230 is ready for assembly with EMAs to form Individual cells, and a plurality of cells to form a 
full cell stack which is held together with tie rods (passing through holes 34 In Rg. 8) and secured with 
nuts to place the stack under compression so it does not leak under applied gases pressures. Operating 
5 a cell of this manufacture is described above in conjunction with Figs. 11-14. 

Fig. 17 depicts the process of preparing the platelet design artwork for the photolithography wet 
or dry process etching of platelets described above in Figs. 18 and 16. The steps are as foltows: 

A. PLATELET DRAWINGS: Platelet assembly drawings are devekiped on computer 
automated drawing CAD systems 240. The drawings are dimensioned in net dimensions. Both sides of 
1 0 each platelet are finalized as plan views 245. These drawings are electronkally transmitted to the platelet 
mask artwork generatkjn CAD system 250. From the CAD drawings an inspection database 162 Is 
generated. This inspection database consists of critfcal dimanstons that need to be verified during the 
artwork creation and manufacturing processes. Both artwork and platelets are inspected during the 
manuteturing process. 

15 B. MASK ARTWORK GENERATION: Platelet CAD drawings are converted in the mask 

artworit CAD system 250 to photo tooling masks for each platelet. Etch factors areapplied to each feature 
in each drawing. Etch factors adjust the wkJth of the phototooimg mask to the wkJth of the features to 
compensate for undercutting that occurs during the chemical etching processes used to mill indlvWual 
platelets. This entails reducing channel dimanstons in the photo tooling mask to compensate for 

20 undercutting. Etch factors depend upon the type of metal, type of chemtoal milling equipment, etch 
speed, type and strength of the etchant used. Fabricatton aids are added during the mask generatkjn 
process. Fabricatkxi akJs include registratton targets, platelet numbers and handling frames to akJ in the 
stacking and bonding process. 

C. ARTWORK PHOTOPLOTTINQ: Platelet art wori< is ptotted at a 1 times magnificatkjn on 

25 a film using an automatic photoplotter 255. 

D. POSITIVE INSPECTIONS Video inspection of the finished artwork is perfomied. 260. using 
the inspection database 1 62 generated during the Platelet CAD drawing process. After inspectton the top 
(front) and bottom (back) ptirtelet artwwks are joined. 270, in precise registration. 

30 INDUSTRIAL APPUCABILTTY: 

Typical IFMT platelet fuel cells of this invention exhibit the fdtowing operating data: 

Two cea test stacks consuming H, and 0, or air with a PEM EMA at 95^ show linear output 

ranging from .4V output at 460 mA/an2 for air to 830mA/cm2 for 0, and .9V output a i0mA/cm2 for air 
to50mA/cm2forO,. For fuU scale fuel cell stacks of 100 IFWT platelet cells power densities wiO be m 
35 excessof522mW/cm»whichisequivalentto6.79kWinacellstackofunder50lbs.andsizeofies^ 

1 3- long X 6- wWe X 8- high. By contrast, a graphite plate fuel cell with output In the range of 5.7kW 
weighshtherangeoffromlOO-SOOlbs. Fa automotive usage a fuel ceU output of i0-40kW is raquNd 
and buses 1 00-l50kW is required. Thus, the IMFT platelet fuel cells of this hventton are able to meet 
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currant electric vehicle needs. 

Fbr m scale stacks of 1 00 IF^TT platelet cells of this invention operating on Hj-Oj/air (depending 
on pressure) at J v and EMA current densities of 750 mA/CM^. the power density would te 326 W/kg and 
specific power of 743 kW/m' {743 W/L). These results are outstanding as compared to comparable 
5 graphite/NlAFlON H^/Oj and H j/air cells, which produce in the range of 50 to 1 25 W/Kg. That is, the IFMT 
platelet cells of this invention have power densities of at)Out 3-6 times greater than current graphite fuel 
cells. This means the IFMT platelet H^/air fuel cells of this inventton can produce 6.79 kW in a ceil stack 
weighing only 21 kg (46 ibs.>, with a volume of but 0.009 (0.323 FT'), that is 12.9" long x 5.6" wide x 
7.6* high. This is powerful, yet small enough for a hybrid mobile vehicle. 

10 It is evkJent that the improved IFMT fuel cells of this inventkxi will have w We industrial applicability 

as statkxiary power sources, especially at remote home, industrial orconstructkxi sites, for miniaturizatton 
as dedkated single devtee power sources, and for vehteular power, especially heavy constnjction 
equipment trucks, rail and ships. The •printing' technotogy used to construct the IFMT fuel cells of the 
invention will provkJe numerous jobs and growth in the field of photolithography, etching and cleaning, 

1 5 assembly, bonding, passrvating, distribution and sen/cing. The more than 3-fold improvements in power 
output, reductkxi in weight/Kw output, the ease of manufacture, and rapidity of appltoation specific fuel 
cell design disctosed herein are strong bases for concluding that the inventkxi wilt be wklely adopted. 
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CLAIMS 

1 . A polar fuel cell separator comprising m operative combination: a pturality of platelets of 
thm sheet material: each platelet having features formed individually therein, said features being selected 
from at least one of metering orifrces, channels, vias, and manifolds; said features are coordrate from 
platelet to platelet to provide at least one active area micro-channet field; and said platelets are bonded 

5 together to form a monolithic separator for disposal in contact with an electrolyte membrane assembly 
in a fuel cell stack. 

2. A polar fuel cell separator as in claim 1 which includes features forming at least one 
humidification fteld for a fuel or an oxidant. 

3. A polar fuel cell separator as in claim 2 which includes at least one coolant field. 

4. A polar fuel cell separator as in claim 3 wherein said coolant field communicates with at 
least one of said humidification fields to provide heated humidification fluid to said humidification field. 

5. A polar fuel cell separator as in claim i wherein said features are fomied by a combination 
of depth etching and through etching. 

6. A polar fuel cell separator as in claim 5 wherein said platelets are bonded by gluing, or by 
diffusion, welding, brazing or soldering under heat and pressure, to fomi said monolithic separator, 

7. A polar fuel cell separator as in claim 6 wherein said separator is a bipolar separator 
comprising an anode side and a cathode skJe, and said field channels are tailored in length, micro-channel 
cross section dimension, and serpentine configuration to the gas composition and viscosity. 

8. A pola* fuel cell separator as in claim 6 wherein said separator fields include an Hj 
humidification field, and an Air/Oj humidification field. 

9. A polar fuel cell separator as in claim 8 wherein said separator fields includes at least one 
coolant field. 

10. Afuelcellstackcomprisinginoperativecombination: a plurality of cells comprising:!) polar 
separators and membraneelectrode assemblies in a stacked array; li) an anode separator end plate at one 
end of said stack in contact with one of sakJ membrane electrode assemblies; and iii) a cathode separator 
end plate at a second end of said stack in contact with a membrane electrode assembly; sakJ bipolar 

5 separator, aid sakJ anode and cathode separators are separators as in claim 1; and saW cells are 
assembled in sequence under compresskxi to form an operating cell. 

11. AfuelcellstackasinclaimlOwherBinsaWfeaturesincludeatleastoneh^ 

for a fuel or ai oxkJant and at least one coolant fieW in communicatkxi with sakJ hum Wificatton fiekJ to 
provkje heated fkjkJ to sak) humidmcatkxi fiekJ. 

12. A fuel cell slack as in claim 11 wherein sakl fieWs are taltored In length, micfo-channel 
cross-sectkxi dimension and serpentine configuration for Hj as fuel and Air/Oj as an oxidant 

13. A fuel cell stack as in claim 12 wherein saM separators are formed of dlfluskxi bonded 
metal selected from Tl, Al. Cu, W. Ntobium, stainless steel, altoys. laminates, platings and composites 
thereof; sakJ membraie electrode assembly is selected from a carbon 
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paperless PEM. and said separatore include a window frame platelet in contact with said cartxjn paper 
coated PEM or a window screen platelet in contact with said cartjon paperless PEM. 

14. A method for producing fuel cell separator assemblies comprising the steps of (bmiing in 
thin Sheet stock a plurality of different individual platelets with coordinate features selected from micro- 
channels, vias and manifolds, said features together fomiing at least one active area field for oxidant or 
fuel consumption in contact with a memt)rane electrode assembly: stacking said platelets with saM 
indivkJual platelet features in precise alignment with conesponding features of a matingly adjacent platelet 
to providecontinuous circulation paths for said oxidantwfuel: and bonding saw aligned pl^^^ 

a monolithic separator having internal micro-channels and access manifolds thereto. 

15. A method as in claim 14 wherein said sheet stock is metal and saW fbnning step includes 
the step of etch fomiing said features by a combinatton of depth etching and through etching. 

16. A method as in claim 15 wherein sakJ through etching comprises depth etching selected 
areas from both sides of said sheet stock to depths greater than 50% of the sheet thickness. 

17. A method as in claim 16 wherein said metal is selected from Tl. Al. Cu. W. Niobium, 
stainless steel, and alloys, laminates, platings and composites thereof. 

1 8. A method as in claim 1 5 wherein saW fbnning step includes photolithographicalV resist 
coating saM sheet metal stack to define features thereoa 

19. A method as in claim 15 whteh includes the step of passlvating said separator after 

bonding. 

20. A method as in claim 19 wherein said bonding includes diffuskxi bonding under heat and 
pressure, saw metal is Ti. and said passivating includes exposure to Nitrogen at an elevated temperature. 
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